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Abstract: Induction heating (IH) is a process of heating the electrically conducting materials especially
ferromagnetic materials with the help of electromagnetic induction through generating heat in an
object by eddy currents. A well-entrenched way of IH is to design a heating system pertaining
to the usage of ferromagnetic materials such as stainless steel, iron, etc., which restricts the end
user’s choice of using utensils made of ferromagnetic only. This research article proposes a new
scheme of induction heating that is equally effective for heating ferromagnetic and non-ferromagnetic
materials such as aluminium and copper. This is achieved by having a competent IH system that
embodies a series resonant inverter and controller where a competent flexible load modulation (FLM)
is deployed. FLM facilitates change in operating frequency in accordance with the type of material
chosen for heating. The recent attempts by researchers on all metal IH have not addressed much on
the variable shapes and sizes of the material, whereas this research attempts to address that issue as
well. The proposed induction heating system is verified for a 2 kW system and is compatible with
both industrial and domestic applications.
Keywords: induction heating; load flexible modulation; series resonant inverter; non-ferromagnetic
materials
1. Introduction
Traditionally, heat energy is produced by burning combustible substances, which re-
sults in energy wastage and environmental deterioration. Over the years, these drawbacks
forced researchers to invent new heating methodologies. In the recent past, induction
heating (IH) methods based on magnetic coupling have evolved tremendously because of
their innate advantages such as no leftovers, cleanliness, safety, and high efficiency [1–3].
In induction hardening, aside from the reduced processing time, cost reduction and less
decarburisation are also added advantages [4]. However, the method also has drawbacks
such as a shorter austenitisation period, which is insufficient to provide a uniform carbon
distribution, resulting in variances in a martensitic block size that depends on the local
carbon concentration. As a result, the tensile strength of the steel is lower than that of the
conventionally heat-treated steel [5]. In the metal melting process for diecasting, a DC
induction heater with high-temperature superconductor (HTS) coils can save both energy
and time [6]. With the advent of power electronic switches and power converter circuitries,
the IH phenomena gained the attention of researchers. The IH system essentially comprises
two important components—namely, the working coil and work bit (load). Traditionally,
IH is a combined recipe of electromagnetic induction and joule heating. IH is a non-contact
process of heating electrically conductive metal by generating eddy currents in the metal
using the principle of electromagnetic induction. Thus, the eddy current, based on the joule
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heating principle, flows against the resistivity of the metal producing heat in the metal.
The conventional topology used in IH consists of an AC to DC converter and the load.
However, this system can only be used for ferromagnetic materials of high resistance with
low skin depth and high permeability, and therefore, the use of this technique on different
other metals with low resistance in different applications is challenging [7–11].
Many research initiatives and techniques have been proposed to heat non-ferromagnetic
materials [12–16] and non-metallic materials [17] using IH. The prime inference from this
body of research is that non-ferromagnetic material has much lower resistance than fer-
romagnetic materials, which results in drawing more current from the inverter, which
requires higher-rated components, increasing the switching losses and costs of the sys-
tem. The resistance of non-ferromagnetic materials has been increased by increasing the
switching frequency, which also causes a decrease in the skin depth. However, due to
an increase in the switching frequency, high switching losses are inevitable. The idea of
increasing the resistance of non-ferromagnetic materials is implemented by the high turns
ratio of the IH coil, which increases conduction losses in the system, making the system
unstable. The resistance in the circuit causes some damping in the series RLC circuit. It
determines whether or not the circuit will naturally resonate in the absence of a driving
source. Circuits that will resonate in this manner are considered to be underdamped, while
those that will not are considered to be overdamped. There is also a condition known as
critical damping, which is the smallest amount of damping that can be applied without
causing oscillation [18].
Many researchers have put forth their research contribution in IH either through new
topologies of converter or through control algorithms [19–28]. Research by Saha and Kim
suggested a series inverter using third-harmonic modulation to increase the resistance of
ferromagnetic materials [29]. Here, in this method, the operating frequency was three times
higher than that of the switching frequency. On the other hand, the input voltage was three
times lower than the traditional pulse frequency modulation. Therefore, to deliver the
rated power with a low input voltage, a high current was drawn from the system; in turn,
the system capacity increased, and the choice of switches became a cumbersome procedure.
To overcome this issue, a power factor correction circuit was combined with the system,
which increased the input voltage and solved the low input voltage problem. However,
large, passive components contributed to the poor cost effectiveness of the IH system and
also unnecessarily increased additional passive components in the topology [30].
In a research study, Park and Jung demonstrated a technique of heating both ferro-
magnetic and non-ferromagnetic materials [12]. Inspired by their research, the authors of
this research paper carried the research forward by proposing schemes to use a simple
control technique for heating all metals with different shapes and sizes. Figure 1 shows
two different systems for heating different pan shapes and sizes.
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Flexible load modulation (FLM) was achieved with the help of a controller in this
system. Two switches were deployed in this prototype for two different modes, which had
different switching and resonant frequencies for each mode. The inductor in the resonant
tank circuit was kept constant, whereas two different capacitors were available for each
mode. Depending on the metal used, the mode was selected with the help of switches
available. When any load was removed, the system would come to its initial condition.
From the literature survey, it is inferred that there is a need to simplify the system, along
with reducing switching and conduction losses without using additional high-rated passive
components and to increase the system efficiency.
In this research study, the FLM method for heating different metals by a series res-
onance circuit is proposed. The control algorithm thus devises the operational modes,
minimising the magnitude of resonant current by increasing the resistance of the metal,
as shown in Figure 2. This topology does not require any power factor correction circuit
and hence making it cost effective and with improved power density. Furthermore, since
the switching frequency is different and less than that of the operating frequency, a very
small switching loss is incurred. The turn ratio of the IH coil is kept low to achieve very
low conduction losses. This paper is organised as follows: Section 2 presents the system
description and proposed methodology. The results are discussed in Section 3, and the
concluding remarks are given in Section 4.
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Figure 2. Frequency vs. resistance of different fe romagnetic and non-fe romagnetic materials (data
taken from [31,32]).
2. Design of Induction Heating System
2.1. System Description
In this proposed induction heating system, input was received by 220 V DC bus from
three different sources—namely, 220 V AC supply (grid), PV array, and battery. For this
system, the 220 V AC supply taken from the grid could be reduced to the desired voltage
with the help of an autotransformer and the controlled rectifier. The output of the PV
array was fed to the DC–DC converter in order to convert it into the required voltage and
transfer it to the 220 V DC bus. When there was no PV power, the battery was discharged
to the load, whereas the battery was charged when the PV power was available. This is the
function of the nanogrid, which automatically controlled the charging and discharging of
the battery based on the availability of other sources and the load. A half-bridge resonant
converter was connected to the DC bus. This converter was used to change the operating
Energies 2021, 14, 8354 4 of 18
frequency of the IH coil. Several combinations of inductor and capacitor were controlled
by switches (S3 and S4) to change the operating frequency. To control the switches in the
resonant tank and to give PWM pulses to MOSFET (S1 and S2), a controller was employed.
This controller changed the pulses generated and the switches in the resonant tank as
per the mode selected. The block diagram of the proposed system is shown in Figure 3.
Here, the induction heater was powered by the nanogrid, which was used to reduce the
electricity bill and also the burden on the grid. The nanogrid was employed as a valuable
addition to this study because it is an emerging technology that has considerable benefits
for both consumers and distributors.
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Figure 3. Block diagram of the proposed induction heating system.
2.2. System Topology
In this system, flexible load modulation (FLM) was proposed to heat both ferrous
and non-ferrous metals with the help of various types of operations. FLM was achieved
with the help of a controller in this system. Two switches were deployed in this prototype
system for two different operational modes (ferrous and non-ferrous), which had different
PWM pulses. The inductor in the resonant tank circuit was kept constant, whereas two
different capacitors were available for each mode. Depending on the metal to be heated,
the mode was selected by means of the resistance of the metal with the help of the switches
available.
Figure 4 presents circuit diagrams for heating ferrous and non-ferrous metals. The
circuit diagram comprised a DC voltage source and a half-bridge resonant converter.
This converter was made up of two MOSFET switches—S1 and S2. The output of this
converter was fed into the IH coil through various combinations of inductors, capacitors,
and switches. The switches S3 and S4 played key roles in the ode selection. For example,
if switch S3 turned on the receiving controller, the command to operate the series resonant
inverter in mo e 1, hence the PWM required for mode 1, was given to t MOSFETs, and
the apa itor required for this mode was selected with t help of relay circuit, coupled
with the controller. If the load changed, then according to the load, the mode of operation
was selected based on the resistance of the metal that required heating.
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Fig re 4. Proposed circuit diagram for ferrous and non-ferrous heating modes.
. . odes of Operation
2.3.1. Ferrous Heating Mode
I t e ferr s heati e, as sho n in Figure 5, the equivalent voltage for the series
r sonant i verter was half as th t of the input voltage (220 V) that was transferred to the
l ad. Figure 6 show the PWM pulses required for the MOSFET switches.
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t s it s s it ed n, the o er fro the source was transferred to the coil
through S1, Lr, Rpot, Cr1, and S3. After that, switch S1 was turned off, and S2 was turned
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2.3.2. Non-Ferrous Heating Mode
In the non-ferrous heating mode, shown in Figure 7, the operating frequency of the
inverter was twice the switching frequency. The PWM pulses are listed in Figure 8.
With these pulses, the energy was transferred to the load and pulses when the switch
S1 was ON or S2 was ON. For the first condition, when S1 was in the ON state, the energy
transfer was through S1, Lr, Rpot, Cr2, and S4, and for when S2 was in the ON state, the
energy flow was in the direction through S4, Cr2, Rpot, Lr, and S2. The maximum power





where Pnf is the maximum power in the non-ferrous heating mode, Vin is the input voltage
to the inverter, and Rpot is the resistance of the metal at the load. This mode of operation is
generally used to heat non-ferromagnetic materials such as aluminium; since the resistance
of these materials is low, the increased operating frequency was used to increase the
resistance of the material to help heat it to the same degree as the ferromagnetic materials.
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2.4. Selection of the Operational Mode
This study was designed for the heating of various metals of different sizes with the help
of different operational modes. The mode selection algorithm was controlled with the help of
circuit breakers and allows heating of the metals in the desired mode, as shown in Figure 9.
For each mode of operation, a separate circuit breaker was implemented in the hard-
ware system; to change the mode of operation, a specific circuit breaker was closed, and
the remaining breaker was open at that particular instant. Thus, for a particular mode, a
specific circ it breaker was allotted. Thus, the breaker S3 was used to operate t e system
in ferrous heating mode, and S4 was us d for non-ferrous heating mode. Firstly, when
the metallic pot was plac d in the IH sys em, voltage and curren could be measured, and
then, the pot resistance was calculated by using the expression mentioned in Figure 9.
After that, the pot resistance at switching frequency was compared with the calculated
pot resistance. If the condition was satisfied, then the switch S3 would be turned ON and
ferrous heating mode wou d be selected; otherwise, it would move to the next condition.
Here, the pot resistance at twice the switching frequency was compared with the calculated
pot resistance; if it was satisfied, the S4 would be turned ON. However, if the condition
was not satisfied, the system would stop. Under each mode of operation, specific values of
resonant tank capacitor and inductor were connected to the system, and the breakers were
used to isolate the unwanted part of the system, which was not required during each mode
Energies 2021, 14, 8354 8 of 18
of operation. The values of the resonant capacitors and resonant inductors for each mode
of operation are shown in Table 1.
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Table 1. Circuit parameters for different modes of operation.
Parameters Ferrous Heating Mode Non-Ferrous Heating Mode
Vin (Volts) 220 220
Capacitance (C1) (mF) 1.0 1.0
Capacitance (C2) (mF) 1.0 1.0
Pot resistance (ohms) 15.2 9.8
Inductance (Lr) (uH) 160 160
Capacitance (Cr) (nF) 253 63.3
Resonant frequency (kHz) 25 50
To design the hardware of the system, first, the rated power of the system was decided;
after that, available input voltage was set to keep the current in the circuit minimum.
Therefore, as per the proposed design, a 2 kW system with 220 V input voltage was used
to test and verify the system’s functionality. Theoretically, from the power (P) formula
(Equation (8)), the rated current (I) of the system with an approximate value of 18 amps
could be obtained. Therefore, to be on the safe side, 20 A was taken as the rated current in
hardware.
P = V × I (8)
As there is an electrical separation between the working coil and the workpiece in an
IH system, the energy is transferred via magnetic coupling. The electrical counterpart of
the IH load can be described as a transformer with a short-circuited secondary winding
Energies 2021, 14, 8354 9 of 18
because it resembles transformer operation with the secondary circuits [23]. Figure 10
depicts the electrical equivalent model of the IH load.
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Figure 10. IH system’s electrical equivalent load model.
By applying KVL to the above equivalent circuit, the resultant (Equations (9) and (10))
is as follows:
V1 = (jωsL1 + R1)I1 − jMωs I2 (9)
0 = −jωs I1M + (R2 + jωsL2)I2 (10)
ωs = 2ΠFs (11)





By substituting Equation (13) in Equation (10), the expression can be defined by
Equation (13).




The preceding equation can be simplified into real and imaginary parts and equate
the real part as Rpot (Equation (14)) and the imaginary part as Lr (Equation (15)).












The mutual inductance can be expressed as Equation (16).
M2 =
(Rpot − R1)(R22 + ω2s L22)
ω2s R2
(16)
The equations were used to calculate the equivalent resistance and inductance (Rpot
and Lr), and the determined values were used in the simulation.
For the corresponding resonant frequency values, the resonant tank capacitor was





3. Results and Discussion
In this section, the hardware implementation and results of the proposed study,
followed by the simulation results of two operating modes, are discussed.
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3.1. Simulation Results of Heating Different Metals
MATLAB software was used to obtain simulation results that used operating con-
ditions similar to the experimental conditions. The simulation results of 2 kW power
conversions according to different modes for different sizes of different metals are shown
here. The input voltage and operating frequency variation according to the operating
modes were also determined.
3.1.1. Analysis of Results with Ferrous Heating Mode
The operational waveform of the ferrous heating mode is shown in Figure 11. Switches
S1 and S2 had complementary switching operations. The working frequency and the
switching frequency both were the same. The Lr and Cr values selected for this mode were
160 uH and 253 nF, respectively. From Figure 12, it could be inferred that the equivalent
input voltage (220 V) in ferrous heating mode was twice the input voltage (±110 V). The
magnitude of the output voltage was nearly half of the input voltage. Therefore, the series
resonant inverter transmitted the power of 1 kW in the resonant frequency of 25 kHz.
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heating different shapes of metals. The first one was used to heat rod-type metals, whereas
the second one was used to heat flattened surface vessels.
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3.2.2. Practical Results of Ferrous Heating Mode 
Figure 18 presents the experimental results of ferrous heating mode operation, 
wherein the output voltage was +108.9V to −108.9V, and the output current was ap-
proximately 8.59A. In this mode, as the ferrous metals have high resistance, a resonant 
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Heating metals of different types and different sizes is one of the complex barriers
that the proposed system overcomes. etals such as alu iniu , copper, stainless steel,
and iron of different sizes can be heated using different operating modes proposed. Since
non-fer o agnetic materials have very low resi tance, in order to heat them, the r sis-
tance of the materials should be increas d. In orde to increase th resistance, switch ng,
as well as the resonant frequency, eeds to be increased, which result in the heating of
l w-resistance metals. Table 2 shows different metals of diff rent sizes and cross-sectional
area and the temperature to which they w re heated in the proposed system. The temper-
ature was measured using Fluke Ti401 at the central area of he object from distance of
approximately 40 cm with five r petitions for each set measurement. T e thermal images
for heating different metals are shown in Figure 17, in w ich the temperature distribution
in different metals can be seen. The output waveforms were measured using a digital
stor ge oscilloscope (Keysight InfiniiVision DSOX2002A).
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Table 2. Performance characteristics of metals in different heating modes.
Type of Metal Dimension (cm) Weight (gm) CalculatedTemperature, T (◦C)





155 367 ◦C 656Thickness = 3.2
Aluminium rod
Diameter = 2.6
47 369 ◦C 700Length = 3.2
COPPER
Copper bowl Diameter = 8 166 377 ◦C 965Thickness = 3.7
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Stainless steel round bar
Diameter = 1.72
68 906 ◦C 591Length = 3.7
CAST IRON
Iron pan Diameter = 16 152 315 ◦C 765Thickness = 3.2
Iron rod
Diameter = 1.7
53 400 ◦C 768Length = 3.2
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Figure 17. Thermal image of heating different metals: (a) stainless steel; (b) aluminium; (c) copper
(power rating: 2 kW and time period: 100 s).
3.2.2. Practical Results of Fer ous Heating Mode
Figure 18 presents the experim ntal results of ferr us heating mode operation, wherein
the output voltage was +108.9 V to −108.9 V, and the output curren was approxim tely
8.59 A. In this mode, as t e ferrous metals have high re istance, a resonant frequency of
25 kHz was applied to heat the ferrous metals. The switching frequency applied for this
mode was nearly 25 kHz.
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3.3. General Discussion
From the simulation and experimental results, it was concluded that in ferrous heating
mode, regardless of the voltage given as the input, half of that voltage magnitude was
obtained on the output side. For example, if 220 V was provided in the input side, in
simulation, ±110 V was obtained, while in the experiment, ±108.9 V was obtained as the
output, which means the magnitude of the output voltage was half of that of the input
voltage on both positive and negative sides. Likewise, in non-ferrous heating mode, the
output voltage was nearly half of the input voltage. For example, if 220 V was given as
the input, the simulation output was nearly ±110 V, and the experimental output was
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around ±108.3 V. Furthermore, the experimental results demonstrate that the proposed
method successfully heated several types of pots. The comparison of the results between
the simulation and experiment is shown in Table 3. The results clearly demonstrate that
the system worked equally efficiently both in ferrous and non-ferrous heating modes.



















Ferrous 25 ±110 V 9 A 990 ±108.9 V 8.59 A 935.5
Non-ferrous 50 ±110 V 14 A 1540 ±108.3 V 13.2 A 1429.6
This proposed FLM method may have some limitations such as noise and vibration
for lightweight vessels due to resonance. It can be used to heat other non-ferrous metals
and can also be implemented in a system with a power higher or lower than 2 kW. Park and
Jung [12] proposed a system for heating different metals, whereas in this research, different
shapes, as well as different metals, were used for heating; moreover, in the previous
study, the series resonance inverter was powered by using the AC source, followed by
the rectifier, whereas in this study, the AC source was replaced by DC source, so the
rectification stage was eliminated, resulting in the reduction in the size of the circuit and
the cost. While the authors of the previous study selected aluminium and stainless steel
for their work, here, we used four different metals—aluminium, copper, stainless steel,
and iron. A half-bridge series resonant inverter with a modified version was proposed for
heating ferromagnetic and non-ferromagnetic pans [11], which operated in two operating
modes such as first-harmonic and third-harmonic operating modes, and when compared
with [12], it had reduced circuit components but still consisted of a rectifier. The herein
proposed structure was an optimal one that catered to two important traits of induction
heating system—namely, variable load and variable size. At the outset, the overall structure
(Figure 3) seemed to be a complex one since the microgrid had been represented with
many sources. Induction heating was one such entity applied in a microgrid, and therefore,
the IH structure was not a complex one. Additionally, another added advantage of the
proposed scheme was the single-stage inversion as the rectification stage was discarded.
This made the proposed IH structure sufficiently simple. The various methods used in the
literature for variable-load induction heating systems, compared with the current system,
are shown in Table 4. The major advantages of this proposed system are cost effectiveness,
wide heating capability, lower power consumption, improved power density, etc.
Table 4. Comparison of different variable-load induction heating systems.
Study Key Technology Scheme Topology Remarks
Millan et al. [11] Selective harmonic scheme Modified half-bridge seriesresonant inverter.
The authors proposed a modified topology
of half-bridge inverter with two operation
modes of selective harmonics.
Park and Jung [12] Load adaptive modulation(LAM) Full bridge series resonant converter.
LAM was proposed by the authors to vary
the input voltage magnitude of IH coil and
series resonant inverter’s operating
frequency based on the pot resistance.
Tanaka [15] - Half-bridge series resonant inverter.
Examined the input resistance of different
metals and determined the finest condition
for a high-frequency inverter.
Shoji et al. [20] - Buck–boostfull-bridge inverter.
The authors applied this method for
induction cookers with left and right sides to
heat all metals.
Proposed system Flexible load modulation (FLM) Half-bridge resonant converter
Here, FLM was proposed to heat various
loads with variable sizes by using a
half-bridge resonant converter without any
rectification stage.
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4. Conclusions
In this proposed research, the use of flexible load modulation (FLM) was implemented
to achieve heating of a wide range on both ferromagnetic and non-ferromagnetic materials.
The modes of operation depend upon the workpiece such that for ferrous-type materials,
the switching frequency was 25 kHz, and it was 50 kHz for the non-ferrous materials. The
frequency variation achieved through this flexible load modulation was simulated and
realized as a hardware prototype for a 2 kW system.The results demonstrated that the
suggested scheme was very effective for variable shapes and sizes in both ferrous and
non-ferrous materials. The effectiveness of heating with respect to the time duration for
different workpieces was investigated and duly captured through a thermal camera. The
research proposed here can be extended by imparting an artificial intelligence system for
improving the system response.
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Nomenclature
VDC Input DC voltage for the system
Lr Resonant tank inductor
Cr Resonant tank capacitor
ts Time period of PWM pulses
Gm Maximum voltage gain
Pf Maximum power in ferrous heating mode
Pnf Maximum power in non-ferrous heating mode
FLM Flexible load modulation
IH Induction heating
Rpot Resistance of the material to be heated
Fs Resonance frequency
Fsw Switching frequency
PWM Pulse width modulation
Pr Rated power
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